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We report single crystal growth and physical properties characterization of YbFe2Al10 compounds. The mea-
surements of resistivity, magnetic susceptibility, and specific heat show different behaviors from previous studies
on polycrystal samples. An intermediate valent characteristic with moderate mass enhancement is indicated. In
particular, the optical spectroscopy measurement reveals formation of multiple hybridization energy gaps which
become progressively pronounced at low temperature. The multiple hybridization energy gaps are likely caused
by the hybridizations between the flat band from Yb 4 f electrons and different bands of conduction electrons.
INTRODUCTION
The competing and coexisting of different interactions lies
in the center of condensed matter physics, which can leads
to a wide range of novel quantum properties, such as uncon-
ventional superconductivity, non-Fermi liquid behavior, quan-
tum criticality, Kondo semiconductor/insulator etc.[1–8]. Es-
pecially, for the materials containing rear-earth or actinides
elements, the strongly correlated f electrons play an impor-
tant role and most of them exhibit heavy fermion behaviors.
At relatively high temperatures, the f electrons are essentially
localized because there is no direct overlap between their
wave functions, and the corresponding electronic band lies
well below the Fermi level. When the temperature decreases,
however, the interaction between conduction band and f -
electrons, usually referred to as Kondo interaction, tends to
screen the f -electron local moment collectively and forms
Kondo singlet state. The Kondo singlet will give rise to a nar-
row resonance band near the Fermi level, which hybridizes
with conduction electron band and leads to a hybridization
gap[9–11]. Beyond that, there also exist exchange interac-
tions between those local moments, the Rudermann-Kittel-
Kasuya-Yosida (RKKY) interaction, which tend to form long
range magnetic orders in the system[12–14]. The competi-
tion between Kondo and RKKY interactions results in a rich
phase diagram of heavy fermionmaterials. The interaction be-
tween strongly correlated f electrons and conduction band can
be well described by the periodical Anderson model (PAM),
based on which the strength of Kondo interaction V˜ can be
characterized by the energy scale of the direct hybridization
gap ∆ = 2V˜. When V˜ is large enough, some of the rear-earth
elements will exhibit intermediate valence behavior, that is,
the rare earth or actnide elements hold for a non-integer va-
lence.
The orthorhombic ternary compound RT2Al10 (R=rear
earth elements; T= Fe, Ru, Os)[15] have drawn tremendous
interest in the community because they have displayed a lot
of intriguing properties[16–18]. For example, an unexpected
antiferromagnetic phase transition was identified to occur at
27 K in CeRu2Al10 compound[19–21], while CeFe2Al10 was
reported to be a Kondo insulator[22, 23]. The origin of these
peculiarities is still under intense debate. Nevertheless, the
Yb-based RT2Al10 seems to be much less investigated, par-
tially due to the difficulty of growing single crystalline sam-
ples with good quality. Among them, YbFe2Al10 was found
to be an intermediate valence candidate in which Yb shows
+3 state at high temperatures above 400 K but fluctuates at
lower temperatures[24, 25]. However, the Kondo lattice type
characters only presented themselves at very low temperatures
below 10 K, which is in conflict with the expected strong hy-
bridization strength for intermediate valence compounds.
Up to now, all the measurement on YbFe2Al10 were con-
ducted on polycrystalline samples as far as we know, whereas
the data of single crystals are still lacking. In order to unravel
the seemingly exotic contradictions, we have successfully
synthesize large pieces of YbFe2Al10 single crystal using self-
flux method, the properties of which are proved to be quite
different from that of polycrystalline samples in the literature.
We have also performed infrared spectroscopymeasurements,
which is an ideal method to investigate heavy fermion materi-
als for it can provide direct information on not only the mag-
nitude of the hybridization gap but also the enhancement of
effective mass. The results indicate that YbFe2Al10 is indeed
an intermediate valence compound with quite strong c-f hy-
bridization strength.
CRYSTAL GROWTH AND CHARACTERIZATIONS
Single crystal samples of YbFe2Al10 are synthesized by
self-flux method. High purity (more than 99.99%) Yb,Fe and
Al powder were put in an alumina crucible with a starting
composition of YbFe2Al40, then sealed in a Ta tube filled with
Ar gas. The Ta tube was then sealed in an evacuated quartz
tube, which was heated up to 1200 ◦C in 15 hours, dwelled for
40 h at this temperature and slowly cooled down to 850 ◦C at
the rate of 2 ◦C/h. Large pieces of single crystals with shiny
surfaces were yielded by eliminating excess Al flux through
a centrifugal machine. The composition of these compounds
were confirmed by energy dispersive X-ray (EDX) measure-
ment at different locations in the crystals on different batches
gave the average elemental ratio close to 7.75:15.30:76.95,
2which is close to the nominal stoichiometry within the mea-
surement accuracy. The single crystals were grounded into
powders for X-ray diffraction (XRD) measurement. Figure 1
shows the powder XRD pattern. It indicates the pure phase
of the grounded crystals. The YbFe2Al10 single crystal has
the structure with space group Cmcm and the refined lattice
constants are a=8.9646(1) Å, b=10.1282(2) Å, c=8.9842(4)
Å, which are close to the early report [15].
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FIG. 1. (Color online) The powder x-ray diffraction patterns of
YbFe2Al10 single crystals at room temperature.
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FIG. 2. The temperature dependent resistivity ρ(T) of YbFe2Al10
from 1.8 K to 300 K.
The dc resistivity was measured by a four-probe method
from room temperature to 1.8 K in a Quantum Design Physi-
cal Property Measurement System (PPMS). In a previous re-
port on polycrystal samples, the temperature dependent re-
sistivity ρ(T ) of of both YbFe2Al10 and YFe2Al10 show up-
turns around 20 K[26]. As a contrast, the resistivity of single
crystalline YbFe2Al10 follows a good metallic behavior in the
temperature range from 2 K to 300 K, as displayed in Fig. 2.
The overall ρ(T ) in our measurement is an order of magnitude
smaller than that of the polycrystal samples while the residual
resistivity ratio (RRR) to that at 300 K is of about 17, both
of which indicate that the single crystals are of high quality.
Furthermore, ρ(T ) of polycrystalline YbFe2Al10 shows a peak
at 4 K, which was considered as the mark of Kondo screen-
ing onset and thus leads to a very small Kondo temperature
(TK ≃ 1 K). However, we do not observe any signature of such
behavior down to the lowest temperature in our measurement,
which immediately raises a question on the energy scale of
Kondo interaction in this material.
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FIG. 3. Temperature dependent of the susceptibilities from 1.8 K
to 400 K measured under a magnetic field of 0.5 T. Inset: a plot of
1/χ(T ) of the YbFe2Al10 compound as a function of temperature.
The magnetic susceptibility χ(T ) was measured by a
Quantum Design Magnetic Property Measurement System
(MPMS) under a magnetic field of 0.5 T, as shown in the main
panel of Fig. 3. Compared with the results of polycrystalline
samples, which generally demonstrates two sets of Curie-
Weiss behaviors at high temperatures [24], the most promi-
nent feature of χ(T ) is the presence of a broad peak feature at
high temperature near 380 K and meanwhile a Curie-Weiss
tail at low temperature. The low temperature Curie-Weiss
tail could be ascribed to the unscreened magnetic moments or
presence of magnetic defects or impurities, which can be fitted
by the Curie-Weiss law with a small effective moment of 0.4
µB being derived. The role of 3d-element Fe in this structure-
type compounds is still illusive. An early measurement on the
isostructural compounds YFe2Al10 and LaFe2Al10 indicated
Pauli paramagnetism, implying the non-magnetic nature of Fe
ions [15], while other work on YFe2Al10 suggested the exis-
tence of weak ferromagnetic correlations [26, 27]. We con-
sider that the Fe ions in YbFe2Al10 play a minor role of the
magnetic property in contrast to Yb ions. Below the broad
peak in χ(T ) (or dip in 1/χ(T ) in the inset) around 380 K,
χ(T ) decreases with decreasing temperature. This behavior
is also in contrast to the property of polycrystalline samples
where no decreasing feature in χ(T ) was observed [24]. As-
suming that Yb has a valence state of 3+ and the χ(T ) follows
a Curie-Weiss law above 380 K, the broad peak feature could
be attributed to the intermediate valence behavior of Yb irons
formed at lower temperature as well as the crystal field effect,
which suggests that part of the local moments is screened by
conduction electrons. In order to confirm this feature, further
studies including magnetic susceptibility data higher than 400
K are needed.
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FIG. 4. The temperature dependent specific heatCp(T ) of YbFe2Al10
single crystal. The main panel is a plot of Cp/T as a function of T 2
together with a fit to a straight line at the low temperature. Inset is a
plot of specific heat data from 2 K to 300 K.
The specific heat Cp(T ) of YbFe2Al10 single crystal mea-
sured in a Quantum Design Physical Property Measurement
System (PPMS) is shown in Fig. 4. In order to decompose the
contributions from different components, we fit the low tem-
perature Cp(T ) with a formula Cp/T =γ + β T 2, where γ is
the Sommerfeld coefficient. The first and second terms rep-
resent the contributions from itinerant carriers and phonons,
respectively. The obtained Sommerfeld coefficient is about 35
mJK−2mol−1, much smaller than that of the prototype heavy
fermion materials like CeCoIn5. The moderate value of γ
implies a mild effective mass enhancement, which is corre-
lated with a high temperature scale at which the magnetic
susceptibility deviates from the Curie-Weiss behavior. We
notice that the Sommerfeld coefficient of many intermediate
valence compounds are comparable to YbFe2Al10, such as
YbAl3 [28].
OPTICAL SPECTROSCOPY
Wemeasured the temperature-dependentoptical reflectance
on Bruker 113v and Vertex 80v spectrometers on shinny as-
grown surface of YbFe2Al10 single crystals by an in-situ gold
and aluminum overcoating technique from 40 to 25000 cm−1 .
The real part of the conductivity σ1(ω) was derived by the
Kramers-Kronig transformation of R(ω). The optical reflec-
tivity R(ω) and conductivityσ1(ω) at several selective temper-
atures are displayed in Fig. 5 (a) and (b), respectively. The re-
flectivity R(ω) approaches to unit at zero frequency for all the
measured temperatures and the low energy part increases with
temperature decreasing, both of which are typical metallic re-
sponses. At room temperature, R(ω) increases monotonically
as frequency decreasing, whereas a broad dip feature gradu-
ally emerges around 800 cm−1 at lower temperatures, which
gets more pronounced upon cooling. Such depletion is com-
monly observed in heavy fermion materials, originating from
the formation of hybridization energy gap in the density of
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FIG. 5. (a) Optical reflectance spectra of YbFe2Al10 single crystal at
different temperature points. (b) Optical conductivity spectra σ1(ω)
obtained from reflectance spectra using Kramers-Kronig transforma-
tion. Insets are spectra over broad frequency ranges.
states near the Fermi level. In addition, a double peak struc-
ture was identified at higher energies around 1200 cm−1 and
2400 cm−1 respectively.
The physical properties are more clearly revealed by the
optical conductivity, as shown in Fig. 5 (b). At room tem-
perature, the low energy σ1(ω) is characterized by two Drude
peaks centered at zero frequency, representing the responses
of itinerant carriers. Corresponding to the reflectivity, two
very weak bumps were also observed locating around 1200
cm−1 and 2400 cm−1 . With temperature decreasing, both
of the two Drude peaks narrow considerably and the spec-
tral weights are substantially reduced. The narrowing of
Drude peaks indicates that the scattering rate of free carri-
ers is reduced, which suggests that the strong spin-flip scat-
tering caused by local f moments at higher temperatures is
progressively screened by the conduction electrons. The spec-
tral weight (SW) of Drude component is proportional to n/m∗,
where n and m∗ stand for the density and effective mass of
the free carriers. Therefore, the reduction of S W infers ei-
ther the deceasing of free carrier density or the increasing of
effective mass. In the Kondo screening regime, since the lo-
cal f-electrons gradually become itinerant and contribute to
the Fermi surface, the carrier density n should increase with
cooling, this means that the effective mass was effectively
enhanced. Furthermore, a weak peak gradually developed
4around 440 cm−1 in the optical conductivity, which is a strong
evidence of the opening of an energy gap arising from the hy-
bridization of conduction electrons and Yb f electronic bands.
Besides, the two additional weak bumps observed at 300 K
persisted in the whole measurement temperature range and
become even more prominent upon cooling.
In order to investigate the evolution of physical properties
qualitatively, we use the Drude-Lorentz mode to decompose
the optical conductivity spectra. The overall dielectric func-
tion can be expressed as:
ǫ(ω) = ǫ∞ −
∑
s
ω2ps
ω2 + iω/τDs
+
∑
j
S 2
j
ω2
j
− ω2 − iω/τ j
. (1)
where ε∞ is the dielectric constant at high energy; the second
and the last terms represent the Drude and Lorentz compo-
nents, describing the contribution from conduction electrons
and interband transitions respectively [29].
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FIG. 6. The experimental optical conductivity σ(ω) together with fits
to the Drude and Lorentz model of YbFe2Al10 at (a)10 K and (b) 300
K, repectively.
As shown in Fig. 6, the optical conductivity σ1(ω) can
be well reproduced by two Drude terms and several Lorentz
components. The requirement of more than one Drude com-
ponent to reproduce the low energy free carrier contribution
suggests presence of multiple bands crossing the Fermi level
for YbFe2Al10. It is considered TK to be from averaging over
that Fermi surface and hybridization strength can be different
around the Fermi surface. As a matter of fact, the mutiple-
Lorentz fitting indicats the appearance of several hybridiza-
tion gaps in the optical conductivity, suggesting different hy-
bridization strength. Part of the obtained fitting parameters
at different temperatures are listed in Table I. Among them,
γD = 1/τD represents the scattering rate of the itinerant carri-
ers, where τD is the life time. At room temperature, the val-
ues of scattering rates are relatively large, γD1= 47 cm−1 and
γD2=497 cm−1 , due to the strong scattering of the local mo-
ments. With temperature cooling, γD1 decreases from 47
cm−1 to 25 cm−1 , and γD2 drops sharply from 497 cm−1 to 206
cm−1 at 10 K. In the meantime, the plasma frequencies ωp1
and ωp2 also experience continuous drops upon temperature
cooling, as depicted in Fig. 7 by red solid dots. Here, the over-
all plasma frequency is obtained byω2p = ω
2
p1+ω
2
p2, which de-
creases from 14300 cm−1 at room temperature to 9500 cm−1 at
10 K. The decrease reflects the mass enhancement due to en-
hanced Kondo screening effect at low temperature. Accord-
ing to the Fermi-liquid theory, γ is proportional to n1/3m∗.
Combined the γ value from specific heat measurement with
the plasma frequency ω2p = 4πne
2/m∗ [30], we can obtain the
values of the carrier density n≈ 4.5×1022 cm−3 and effective
mass m∗ ≈ 45 me for temperature at 10 K, which are com-
mon values in Yb-based intermediate valence compounds as
YbInCu4[31].
Now let us turn to the analysis of the Lorentz components.
At room temperature, four Lorentz components are employed
to fit the optical conductivity. Two of them represent con-
ventional interband transitions in high energies (above 5000
cm−1 ). Since they are temperature independent, we shall not
discuss them. We notice that the two peaks centered at 1200
cm−1 and 2400 cm−1 shift slightly to higher energies with tem-
perature decreasing, along with the enhancement of the peak
strength, indicating that these two peaks arise from excitations
across temperature dependent energy gaps. Furthermore, an
additional Lorentz component centering around 440 cm−1 is
required to account for the shoulder feature appearing at lower
temperatures, as plotted in Fig. 6 (b). They are most likely to
be caused by the c-f hybridizations as elaborated above.
Similar observation was reported by Okamura et al. in an-
other intermediate valence compound YbAl3[32, 33], where
the multiple peaks structure was speculated to arise from the
indirect and direct interband transitions across the hybridiza-
tion gap, respectively. Since the indirect transition could occur
only through the assistance of impurities and bosonic excita-
tions (e.g. phonons), the spectral weight associated with the
transition is in fact extremely small. Here, we propose that all
the three Lorentz peaks observed at 10 K are originated from
direct interband transitions across hybridization gaps. Since
more than one Drude component have to be used to reproduce
the low frequency conductivity spectra, we believe that there
should be multiple conduction bands crossing the Fermi level
for YbFe2Al10. The Kondo interaction could mix the flat band
from Yb 4 f electrons with different dispersive bands of con-
duction electrons, giving rise to hybridization gaps of different
5TABLE I. Fitting parameters of σ1(ω) from 10 K to 300 K. At 10 K, an additional Lorentz term centered at 440 cm−1 is added at 10 k. The
unit of all the fitting parameters are cm−1 .
T ωp1 γD1 ωp2 γD2 S 1 γ1 ω1 S 2 γ2 ω2 S 3 γ3 ω3
10 K 7910 25 5280 206 4900 390 442 17370 1880 1220 5650 1300 2410
30 K 8040 26 6270 256 4340 390 442 17280 1900 1220 5566 1300 2410
85 K 8550 30 7010 280 4110 390 440 17190 1920 1210 5510 1300 2410
120 K 9110 32 7860 340 3100 390 440 16930 1950 1200 5480 1350 2410
170 K 9200 36 8300 370 2480 390 440 16910 2140 1200 5440 1380 2410
250 K 9750 40 8970 380 1900 390 437 16800 2130 1200 5420 1400 2410
300 K 10490 42 9750 497 - - - 17100 2400 1190 5320 1400 2410
energy scales. In fact, multiple hybridization energy gap fea-
tures were observed in CeMIn5 (M=Co, Ir) compounds and
well explained by the hybridizations between Ce 4f band and
bands from In atoms in different layers in the structure based
on calculations from dynamical mean field theory in combina-
tion with local density approximation [34–36]. The presence
of high energy scales of the gaps is in accord with the expected
strong hybridization strength in an intermediate valence com-
pound.
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FIG. 7. Temperature dependent square of plasma frequency ω2p nor-
malized to the value at 300 K is plotted in red curve on left axis.
The blue line shows the intergral of the spectra weight over the fre-
quency from 270 cm−1 at which frequency the relative minimum of
σ1 located until the frequency the spectra of various T overlapped
together.
Before conclusion, we would like to remark that, for corre-
lated metals including heavy fermion systems and intermetal-
lic compounds, a generalized Drude model is often used in
the analysis of infrared conductivity where the simple Drude
model is extended by making the damping term complex and
frequency as well as temperature dependent, although it does
not appear to be an proper approach to systems with pres-
ence of multiple conduction bands. According to generalized
Drude model, the scattering rate and effective mass could be
obtained from the real and imaginary parts of optical conduc-
tivity [37]:
1
τ(ω)
=
ω2p
4π
σ1(ω)
σ21(ω) + σ
2
2(ω)
, (2)
m∗
mB
=
ω2p
4πω
σ2(ω)
σ21(ω) + σ
2
2(ω)
, (3)
where the ωp is plasma frequency which should include the
spectral weight contributed from free carriers. Here we also
present the spectral features for scattering rate and effective
mass of YbFe2Al10 based on this approach. As plotted in Fig.
8, the scattering rate is suppressed below about 750 cm−1 and
at the same energy position the effective mass strongly en-
hanced. Such features have been seen in other Kondo lattice
systems[38]. According to this plot, further increase of the
effective mass should be present in the low-frequency extrap-
olated region.
SUMMARY
In summary, we have successfully grown high quality sin-
gle crystal samples of YbFe2Al10. The measurements of
resistivity, magnetic susceptibility and specific heat exhibit
much differences from previous studies on polycrystal sam-
ples. Significantly, the magnetic susceptibility shows a broad
peak around 380 K, indicating Kondo coherence behavior at
lower temperatures. Optical conductivity revealed three en-
ergy gaps locating around 440 cm−1 , 1200 cm−1 and 2400
cm−1 respectively, all of which are proposed to be originated
from the c-f hybridizations, but locating at different positions
in the momentum space. Meanwhile, the scattering rate of free
carriers, represented by the half width of the Drude peaks, gets
much smaller as temperature cooling, due to the screening of
the f local moments. The Drude spectral weight decreased
with temperature as well, demonstrating the enhancement of
the effective mass of free carriers. Our results not only refresh
the basic understandings of the complex intermediate valence
compound YbFe2Al10, but also provide new insight into other
analogous materials.
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FIG. 8. (Color online) (a) Frequency dependence of the effective
mass and (b) scattering rate of YbFe2Al10.
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